ABSTRACT A phosphoglycerate kinase (PGKase; ATP:3-phosphoglycerate 1-phosphotransferase, EC 2.7.2.3; X chromosome-linked) variant, PGKase-Tokyo, is associated with enzyme deficiency, nonspherocytic hemolytic anemia, and neurological disturbances. Because a sufficient amount of the patient's erythrocytes was not available, the variant enzyme was purified to homogeneity from the cultured lymphoblastoid cells ofthe patient. The enzyme activity of the variant lymphoblastoid cells was about 16% of that of the normal lymphoblastoid cells. PGKase-Tokyo, compared to the normal enzyme, had a lower specific activity (31% of normal in the backward reaction and 15% ofnormal in the forward reaction), higher than normal Michaelis constants for ATP and 3-phosphoglycerate, a more acidic pH optimum, and increased thermal instability. Microscale peptide mapping analysis revealed that the structural abnormality of PGKase-Tokyo is a single amino acid substitution from valine to methionine at position 266. Thus, the use of the cultured lymphoblastoid cells is proven to be useful for the study of structural and functional abnormalities of mutant enzymes.
Except for hemoglobin and a few other enzymes that are abundant in blood and tissues, it is difficult and often impossible to obtain a sufficient amount of sample for the study of functional and structural abnormalities ofmutant enzymes associated with genetic disorders in man. The use ofcultured tissues ofpatients, particularly virus-transformed lymphoblastoid cells that grow vigorously, is an alternative approach for obtaining sufficient amounts of variant enzymes. In the present work, we isolated a variant enzyme from cultured lymphoblastoid cells ofa patient with phosphoglycerate kinase (PGKase; ATP:3-phosphoglycerate 1-phosphotransferase, EC 2.7.2.3; X chromosome-linked) deficiency and nonspherocytic hemolytic anemia (1) . This variant enzyme is designated "PGKase-Tokyo." Human phosphoglycerate kinase is a single polypeptide chain consisting of 417 amino acid residues. The complete amino acid sequence ofnormal human PGKase has been determined (2, 3) . This paper reports functional and structural abnormalities of PGKase-Tokyo, which were determined using cultured tissues of the patient.
MATERUILS AND METHODS Blood Sample. A heparinized blood sample (about 18 ml) from the patient, a hemizygote man with a PGKase abnormality (PGKase-Tokyo), was shipped from Japan to the University of Washington. The culture was started within 24 hr after venesection.
Establishment of a Transformed Lymphoblastoid Cell Line. Lymphocytes were prepared from normal blood and the patient's blood by Ficoll/Hypaque gradient centrifugation (4 ADP) reactions of the enzyme were measured as described (7, 8) .
Peptide Mapping. S-Carboxymethylation and tryptic digestion of the normal and variant enzymes were carried out as described (9) . Peptide mapping of the tryptic digests on microscale thin-layer cellulose was carried out as described (9) .
Abbreviation: PGKase, phosphoglycerate kinase (ATP:3-phospho-Dglycerate 1-phosphotransferase, EC 2.7.2.3; X chromosome-linked).
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The publication costs ofthis article were defrayed in part by page charge payment. This article must therefore be hereby marked "advertisement" in accordance with 18 U. S. C. §1734 solely to indicate this fact. Polyacrylamide Gel Electrophoresis. Electrophoresis was performed in the absence and presence of NaDodSO4 as established (10, 11). Starch gel electrophoresis was carried out with a Tris/citrate buffer, pH 7.5, and the enzyme activity was detected as described by Beutler (12) . Protein was assayed by Lowry's method with bovine serum albumin as a standard (13) . The peptides Met-Lys and Ile-Met-Lys were synthesized chemically by the modified Merrifield procedure (14) . The peptides Ile-Lys, Val-Lys, and Ile-Val-Lys were previously obtained from tryptic digests ofthe normal enzyme (2) . The source of chemicals has been described (8, 15 Kinetic Properties. The specific activity (i.e., Vm,, per mg of enzyme) of PGKase-Tokyo is about 31% ofthat of the normal enzyme in the backward reaction and 15% in the forward reaction ( Table 2 ). The Michaelis constants (Km) for ATP and 3-phosphoglycerate were higher with PGKase-Tokyo than with the normal enzyme, but Km values for ADP and 1,3-diphosphoglycerate ofthe variant enzyme were normal ( Table 2 ). The pH optimum of the variant enzyme was markedly shifted towards the acidic side of the normal enzyme curve (Fig. 2) . The thermal stabilities of the normal and variant enzymes were determined in 80 mM Tris-HCl, pH 7.5/8 mM MgCl2/0. 1% bovine serum albumin at 450C. The variant enzyme was unstable compared to the normal enzyme (Fig. 3) . The normal enzyme from erythrocytes and that from lymphoblastoid cells are identical with respect to their specific activities, Kmn values, pH optima, and thermal stabilities.
Amino Acid Substitution. The peptide maps of the tryptic digests are shown in Fig. 4 . The pattern of PGKase-Tokyo obtained from cultured lymphoblastoid cells is identical to that of the normal enzyme from erythrocytes except for the marked spots. The normal enzyme always has three clearly separated spots (Fig. 4A, I , II, and III), whereas PGKase-Tokyo has only two spots (Fig. 4B , IV and V) in the same area. As shown before (18), three, not two, peptide spots were always observed in this peptide map area ofnormal PGKase and other PGKase variants (16, 18) . Therefore, the structural abnormality of PGKase-Tokyo must reside in the peptides of this particular area. The amino acids found in peptides I, II, III, IV, and V after acid hydrolysis are shown in Table 3 . By comparing the amino acid The kinetic properties of the normal and variant enzymes were determined as described (17 sible to obtain a sufficient amount of the patient's tissues and cells for the detailed study of functional and structural abnormalities of the mutant enzymes. Cultured cells and virus-transformed cells might produce quantitatively and qualitatively altered enzymes and proteins (19, 20) . If this is the case, the enzyme obtained from cultured cells would not be adequate for the study. However, the present study indicates that the normal PGKase obtained from the normal lymphoblastoid cells is functionally and structurally identical to the enzyme obtained from erythrocytes. PGKase is an enzyme controlled by a single gene locus located on the X-chromosome (21) , and the PGK gene action could be particularly well preserved during transformation and cultivation of the cells. It is likely that most, ifnot all, enzymes and proteins might not be changed by transformation and cultivation, and other enzymes from the cultured cells also could be used for the structural study. In fact, a complete change in primary structure of any protein has never been found in cultured cells.
Inherited deficiency of PGKase is associated with chronic nonspherocytic hemolytic anemia and mental disorders. Thus far, structural and functional abnormalities of three human PGKase variants have been elucidated. These are PGKase-II (Thr -) Asn at 352), which is an electrophoretic variant not associated with enzyme deficiency (16), PGKase-Munchen (Asp -* Asn at 268), which is associated with enzyme deficiency and heat instability but not with hemolytic anemia (17) ; and PGKase-Uppsala (Arg -* Pro at 206), which is associated with enzyme deficiency, lower specific activity, chronic hemolytic anemia, and mental disorders (18) . Based on the primary structure of the normal human PGKase and the three dimensional model deduced from horse PGKase, correlations between the structural and functional abnormalities of these PGK variants have been discussed (18) .
The present variant, PGKase-Tokyo, is associated with erythrocyte enzyme deficiency (about 10% of normal activity in the backward reaction), nonspherocytic hemolytic anemia, and mental retardation (1) . The patient's lymphoblastoid cells also had lower enzyme activity (about 16% ofnormal in the backward reaction).
The variant enzyme had lower specific activity, lower affinity for the substrates, thermal instability, and an abnormal pH/ activity profile. It should be pointed out that the forward reaction (i.e., ATP production) was more severely retarded than the backward reaction in the variant enzyme. Therefore, the actual PGKase activity in the glycolytic pathway is expected to be more severely diminished than is the activity in the backward reaction measured in vitro. This could be the reason for the severe hemolytic anemia found in the patient. E. Beutler (personal communication) has suggested that the change in catalytic activity of variant enzymes is not necessarily parallel in the forward and backward reactions. PGKase-Tokyo is indeed such an abnormal enzyme. The structural abnormality of PGKase-Tokyo was found to be a single amino acid substitution from Val to Met at position 266, which is proximal to the substrate binding site of the enzyme (18, 22) . The insertion ofa large hydrophobic residue (i. e., methionyl residue) at this position is expected to induce a conformational change of the enzyme, resulting in the instability and kinetic abnormalities of PGKase-Tokyo.
The substitution from Val to Met is compatible with a singlestep base transition in the PGK gene. Although another amino acid substitution, which cannot be detected by the peptide mapping system used, might exist, this possibility is highly unlikely on genetic grounds. The substitution from Val to Met at position 266 can explain the functional abnormalities ofPGKaseTokyo, as described above.
